Diamondlike carbon ͑DLC͒ films are deposited on AISI 304 stainless-steel substrates using hollow-cathode chemical vapor deposition. The effects of the substrate bias on the structural and mechanical properties of the films are studied. X-ray photoelectron spectroscopy reveals the existence of C v C ͑sp 2 ͒ and C-C ͑sp 3 ͒ functional groups in the films, and Raman spectra show that the ratio of the G ͑graphite͒ peak to the D ͑disorder͒ peak depends on the sample bias. The DLC film deposited at −50 V bias has the highest sp 3 content, and this is consistent with the G-band position and D-band full width at half maximum as a result of substrate biasing. The sample bias also has a critical influence on the thickness and hardness of the deposited films. The largest thickness ͑1700 nm͒ and highest hardness ͑HV1099͒ are achieved at a bias voltage of −50 V. All the films show low friction coefficients, and the sample treated at −200 V gives rise to the lowest friction coefficient.
I. INTRODUCTION
A hollow-cathode plasma source can produce a highcurrent, low-voltage, and steady plasma with a high degree of ionization. 1 The advantages of hollow-cathode discharge include generation of a small area and very high-density plasma, an extremely hot cathode, and a high flux of electrons striking the substrate due to the relatively low-pressure operation. 2, 3 Owing to these unique properties, a hollowcathode plasma source is frequently employed in the deposition of Ti, 4 TiN, 5 and GaN ͑Ref. 6͒ films by means of selfsputtering of the cathode nozzle, physical vapor deposition, as well as dry etching of wafers. 7 Another characteristic is that the reactant gases can be dissociated by combining thermal and plasma decomposition of the gas mixture. Hence, hollow-cathode discharge chemical vapor deposition ͑CVD͒ is generally better than other processes in low-pressure deposition. 8 Diamondlike carbon ͑DLC͒ coatings have attracted much attention in recent years because of their high hardness, low friction coefficient, high wear resistance, high chemical inertness, and high thermal conductivity. 9 They are usually synthesized by techniques such as magnetron sputter deposition, 10 filtered cathodic-arc deposition, 11 ion-beamassisted deposition, 12 and pulsed-laser ablation. 13 In this work, DLC films were deposited on AISI 304 stainless-steel substrates using a novel radio frequency ͑RF͒ hollowcathode CVD apparatus. A stainless-steel tube with an inner diameter of 8 mm and an outer diameter of 12 mm serves as the cathode nozzle in our experiments. Raman spectra and x-ray photoelectron spectroscopy ͑XPS͒ were employed to determine the structure and composition of the films, and the hardness and friction coefficients of the films were also determined.
II. EXPERIMENTAL DETAILS
The DLC films were synthesized on AISI 304 stainlesssteel substrates with dimensions of 2.0ϫ 2.0 cm 2 in a vacuum chamber 400 mm in diameter and 400 mm high. The base pressure in the vacuum chamber was 2 ϫ 10 −2 Pa. The samples were polished mechanically to a mirror finish and ultrasonically cleaned before loading into the vacuum a͒ Author to whom correspondence should be addressed; electronic mail: xiubotian@163.com chamber. High-purity ͑99.99%͒ argon and C 2 H 2 gases were used as the working gas and reactive gas, respectively. The samples were affixed on the substrate holder and oriented perpendicularly to the hollow-cathode nozzle that was 30 mm away. Prior to DLC deposition, the samples were sputtered by argon ions for 10 min at a bias voltage of −500 V with the plasma sustained at a pressure of 0.5 Pa and rf power of 400 W. Subsequently, a Ti interlayer was deposited by magnetron sputtering at an Ar gas pressure of 0.35 Pa, sample bias of −300 V, and magnetron current of 0.6 A. After 10 min, deposition of DLC was initiated by introducing a mixture of Ar ͓6 SCCM ͑SCCM denotes cubic centimeter per minute at STP͔͒ and C 2 H 2 ͑15 SCCM͒ to a total pressure of 2 Pa in the vacuum chamber. The sample bias was varied from 0 to − 200 V to deposit different sets of specimens. The deposition processes lasted for 40 min and the rf power was kept at 300 W.
Raman spectra were obtained on a Jobin-Yvon HR800 spectrometer equipped with a 20 mW green argon laser ͑458 nm͒. The spectra were recorded from 1000 to 2000 cm −1 and fitted by two Gaussian peaks. The position, amplitude, full width at half maximum ͑FWHM͒, and surface areas were measured for each peak. The integral intensity I d / I g ratios were calculated from the areas of the D band and G band to estimate the sp 3 / sp 2 ratio in the film. 14 The elemental composition of the film was determined by XPS. The film thickness was measured by the ball-crater tester. The hardness was evaluated by a Vickers microhardness tester ͑HVS-1000͒ under a load of 50 g and the loading time was 10 s. Three measurements were taken to yield statistical averages. Dry sliding tests were carried out on a ball-on-disk tribometer at 25°C and a relative humidity between 30% and 40%. A 10 g load was applied to a GCr15 ball with a diameter of 6.35 mm. Figure 1 shows the thickness of DLC films deposited at different sample biases. The inset shows the ball-crater micrograph of the sample treated at −50 V bias. The sample bias has a clear influence on the deposition rate of the DLC films. The film thickness increases with increasing substrate biases from 0 to − 50 V but decreases when the bias voltages continue to increase. The estimated deposition rates of the films fabricated at 0, −50, −100, and −200 V biases are 29.8, 42.5, 27.2, and 20 nm/ min, respectively. The sample bias has a critical influence on the deposition dynamics consequently affecting the film thicknesses. In the hollow-cathode plasma CVD process, the plasma is composed of carbon ions, argon ions, and hydrogen ions. The Child-Langmuir law describes the ion current to the sample: 15 in which 0 is the free-space permittivity, A is the exposed surface area, q is the ion charge, M is the ion mass, V a is the target voltage, and S is the sheath thickness. Therefore, a higher bias may increase the amount of carbon-containing ions and a higher DLC deposition rate may occur when the bias is not more than −50 V. Above −50 V bias, the formation rate is reduced because of self-sputtering. As shown in Fig. 1 , when the bias is increased to −200 V, the energy of the incident particles becomes so high that the film thickness ͑800 nm͒ decreases due to sputtering. Previous literature has pointed out that the negative bias applied to the substrate during DLC deposition attracts plasma ions with enough energy to densify the coating, but ions with too much energy ͑high bias͒ introduce more sputtering and may reduce the film thickness. 16 Figure  2 displays the typical Raman spectra of the DLC films obtained at different voltages from 0 to − 200 V. All the spectra exhibit two peaks at around 1590 cm −1 , commonly labeled as the G ͑graphite͒ peak, and at around 1370 cm −1 , which is the D ͑disorder͒ peak. The G peak originates from the symmetric E2g vibrational mode in graphitelike materials, whereas the D peak arises from the limitations in the graphite domain size induced by grain boundaries or imperfections, 17 e.g., sp 3 carbon, or other impurities. It has been reported that the position of the G band is related to the bond-angle disorder or sp 3 bonding content and the I d / I g value is related to the ratio of sp 3 / sp 2 bonds. 18 The ing to sp 2 -bonded carbon structure. On the other hand, excess energy dissipation under the substrate surface or at interstitial sites resulting from high incident-energy ions also leads to the formation of sp 2 bonding. 21 Therefore, the −50 V treated sample exhibits the highest sp 3 / sp 2 ratio. Chowdhury et al. 22 observed that the optimal incident energy promotes network breakup and local densification, leading to the formation and stabilization of sp 3 bonds. The D-band FWHM of the DLC films is shown in Fig. 4 . The FWHM value is least when the sample bias is −50 V, and lower or higher sample biases appear to adversely affect the FWHM. It has been reported that the FWHM can be correlated to the diamond crystal size. 23 Therefore, the sample treated at −50 V bias has a smaller crystal size. Figure 5 displays the XPS survey scan spectra acquired from the surface of the −50 V treated sample. The modified layer is mainly composed of carbon and oxygen. Oxygen is detected on the sample surface, possibly due to residual oxygen in the chamber and exposure to air after treatment. In addition, the Fe and Si signals probably arise from sputtering of the stainless-steel cathode nozzle and they may reduce the internal stress of the deposited films. Figure 6 displays the experimental and fitted high-resolution C 1s XPS spectra of the DLC film deposited at −50 V. The peak can be deconvoluted into three peaks. The first component at 284.4 eV corresponds to C v C ͑sp 2 ͒, the second component at 285.2 eV corresponds to C-C ͑sp 3 ͒, and the third peak at 286.8 eV can be attributed to C-O contamination on the surface. 24 The hardness values of DLC films deposited at different biases are displayed in Fig. 7 . All the treated samples show increased hardness. In particular, the −50 V treated sample has the highest hardness value of HV1099, which is about 130% that of the AISI 304 stainless-steel substrate ͑HV493͒. Tamor et al. 25 observed similar results in their DLC films prepared using a rf parallel-plate reactor with bias voltages from −50 to − 1000 V. It is well known that the measured hardness of a hard coating on a soft substrate is influenced by several factors such as film thickness, 26 crystalline size, 27 and residual stress. 28 The higher hardness observed from the sample prepared at −50 V may be due to two effects. The thickness of the DLC coating is very important from the perspective of hardness, which may increase in thicker films. 29 In addition, the small I d / I g ratio suggests a larger amount of sp 3 bonding, which leads to increased hardness. 25 The tribological properties of the DLC films are studied using ball-on-disk measurements at atmospheric pressure. Figure 8 shows the plots of the friction coefficient of the samples treated at different biases. All the samples show lower friction coefficients than untreated samples, signifying improved tribological properties. The samples treated at 0 and −50 V do not show significant differences in the friction coefficients ͑0.15-0.25 during the sliding process͒. However, the friction coefficient of the −100 V sample increases precipitously after 300 s. It may be attributed to surface roughness resulting from the sputtering effect. 22 Interestingly, the friction coefficients of the −200 V sample clearly decrease, which may be related to enhanced graphitization in the DLC film. 16 
III. RESULTS AND DISCUSSION
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IV. CONCLUSION
DLC films have been deposited on AISI 304 stainlesssteel substrates using hollow-cathode CVD. The substrate bias has a significant effect on the G-band position, I d / I g intensity ratio, coating thickness, and hardness of the deposited DLC films. Our experimental results reveal an optimal bias for the best surface properties. The film deposited at −50 V has the largest film thickness and highest hardness. The sample fabricated at −200 V has the lowest friction coefficient.
